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The glucose transporter, GLUT4, 
redistributes to the plasma mem-

brane (PM) upon insulin stimulation, 
but also recycles through endosomal 
compartments. Different Rab proteins 
control these transport itineraries of 
GLUT4. However, the specific roles 
played by different Rab proteins in 
GLUT4 trafficking has been difficult 
to assess, primarily due to the complex-
ity of endomembrane organization and 
trafficking. To address this problem, we 
recently performed advanced live cell 
imaging using total internal reflection 
fluorescence (TIRF) microscopy, which 
images objects ~150 nm from the PM, 
directly visualizing GLUT4 trafficking 
in response to insulin stimulation. Using 
IRAP-pHluorin to selectively label GSVs 
undergoing PM fusion in response to 
insulin, we identified Rab10 as the only 
Rab protein that binds this compart-
ment. Rab14 was found to label transfer-
rin-positive, endosomal compartments 
containing GLUT4. These also could 
fuse with the PM in response to insulin, 
albeit more slowly. Several other Rab pro-
teins, including Rab4A, 4B and 8A, were 
found to mediate GLUT4 intra-endo-
somal recycling, serving to internalize 
surface-bound GLUT4 into endosomal 
compartments for ultimate delivery to 
GSVs. Thus, multiple Rab proteins regu-
late the circulation of GLUT4 molecules 
within the endomembrane system, main-
taining optimal insulin responsiveness 
within cells.

Insulin stimulates GLUT4 redistribution 
to the plasma membrane (PM) in adi-
pocytes and muscle cells. This results in 
increased glucose influx into these cells, 
leading to reduction of circulating glucose 
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level in the blood. GLUT4 redistribution 
to the PM involves physical trafficking 
of GLUT4 storage vesicles (GSVs) to the 
PM and is regulated by a signaling cas-
cade of PI3K, AKT/PKB and AS160.1-3 
In this cascade, PI3K and AKT/PKB are 
activated in response to insulin stimula-
tion, causing phosphorylation of the Rab 
GTPase activation protein (GAP) AS160 
by AKT.4 Akt phosphorylation inacti-
vates the AS160 GAP domain, making it 
unable to stimulate hydrolysis of GTP on 
the Rab.5-7 In response, GSVs redistrib-
ute from internal sites to the PM, where 
fusion finally occurs. The negative regula-
tory role of AS160 Rab GAP domain in 
insulin-stimulated GSV delivery to the 
PM has implicated Rab proteins as key 
regulators (downstream of AS160) for PM 
delivery of GSVs.8,9

After being delivered to the PM dur-
ing insulin stimulation, GLUT4 is endo-
cytosed into the endosomal system and 
recycles through early endosomes, recy-
cling endosomes and a part of the trans-
Golgi network before being reloaded 
into GSVs.10,11 This complex intracellular 
trafficking itinerary results in GLUT4 
having a broad distribution pattern, with 
steady-state localization in many intracel-
lular compartments. As these different 
compartments are characterized by hav-
ing different Rab proteins associated with 
them,5,12,13 it has been difficult to deter-
mine which compartment(s) and its asso-
ciated Rab protein(s) specifically responds 
to insulin through inactivation of AS160 
by AKT.14-16

To identify the specific Rab protein(s) 
mediating delivery of GSVs to the PM after 
insulin stimulation, we employed insulin-
responsive aminopeptidase (IRAP, which 
has the same intracellular distribution as 
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early during insulin signaling and deep 
inside the cells. A Rab10 constitutively 
active mutant was found to be associated 
with GSVs and induced GSV recruitment 
to the TIRF zone in the absence of insulin 
stimulation. This indicated Rab10 activa-
tion is sufficient to recruit GSVs to the cell 
periphery.

These findings have helped clarify the 
exact roles played by different Rab pro-
teins in trafficking of GLUT4 proteins 
during insulin stimulation. They have 
further emphasized the heterogeneity of 
GLUT4 compartments at the cell periph-
ery. Indeed, due to the proximity of endo-
somal GLUT4 compartments to the PM, 
most GLUT4 compartments observed by 
TIRF microscopy are endosomes rather 
than GSVs.12,20 After insulin stimulation, 
however, Rab10-labeled GSVs begin to 
enter into the TIRF zone and fuse at the 
PM. Because they fuse efficiently with the 
PM upon entry into the TIRF zone, GSVs 
are only transiently observed in the TIRF 
zone before disappearing. This contrasts 
with peripheral endosomal GLUT4 com-
partments, which fuse with the PM less 
frequently. Therefore, GSVs comprise only 
a small percentage of the total GLUT4 
compartments in the TIRF zone, even 
after insulin stimulation. Consequently, 
GLUT4 vesicle density in the TIRF zone21 
should not be taken as a direct measure-
ment of the delivery of GSVs to the cell 
periphery.

We are only at the very beginning of 
understanding the intricacies of GSV for-
mation, translocation and fusion at the 
PM. Although our studies revealed Rab10 
serves as a key component in mobilizing 
GSVs so that they reach the cell periphery 
in response to insulin stimulation, further 
studies are needed to determine what mol-
ecules in addition to Rab10 participate in 
subsequent steps, such as GSV docking 
and/or fusion at the PM.22-24 The IRAP-
pHluorin labeling strategy for monitor-
ing GSV dynamics described in our study 
should be helpful in revealing these molec-
ular machineries, which include those for 
anchoring GSVs at the PM25 and mediat-
ing their final fusion26 (Fig. 1).
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Rab4A, Rab4B and Rab8A, resided in 
GLUT4-containing compartments but 
were not observed on IRAP-pHluorin fus-
ing vesicles. This indicated that while they 
were not involved in GLUT4 exocytosis, 
they could possibly be mediating GLUT4 
trafficking in the endosomal system.

We next investigated whether it is Rab10 
or Rab14 that directly mediates GSV trans-
location to the PM in response to insulin. 
Rab14 was localized on compartments 
containing GLUT4 and TfR, suggesting 
it regulated movement of GLUT4 within 
endosomes. On the other hand, Rab10 was 
only localized on TfR negative structures 
that contained GLUT4. This suggested 
it was responsible for GSV delivery to 
the PM. Trafficking of GLUT4 through 
both Rab10 and Rab 14 compartments 
appeared to be important under insulin 
stimulation since loss of Rab10 and Rab14 
additively inhibited GLUT4 delivery to 
the PM, and re-addition of either Rab10 
or Rab14 partially restored GLUT4 trans-
location. Given Rab10’s role in mediating 
GSV delivery to the PM, its regulatory role 
was further explored. Rab10 was associated 
with GSVs as the vesicles moved into the 
TIRF zone under insulin stimulation. This 
indicated its association with GSVs occurs 

GLUT4 in the cell) tagged with pHluo-
rin (IRAP-pHluorin) to visualize GSV 
fusion at the PM after insulin stimula-
tion.17-19 IRAP-pHluorin is a pH sensitive 
probe that only fluoresces when exposed to 
a nonacidic environment. Because the pH 
inside GSVs is acidic and that outside of 
cells is neutral, when a GSV fuses with the 
PM, exposing IRAP-pHluorin extracel-
lularly, the probe now fluoresces brightly. 
We first characterized the identities of 
insulin-responsive IRAP-pHluorin vesicles 
by monitoring the presence of GLUT4 
and transferrin receptor (TfR) on these 
vesicles under insulin stimulation in adi-
pocytes. The majority of insulin-respon-
sive IRAP-pHluorin vesicles contained 
GLUT4 but not TfR. This suggested the 
insulin-responsive IRAP-pHluorin vesicles 
were bona fide GSVs rather than recycling 
endosomes, as the latter are known to 
contain TfR whereas GSVs do not. With 
IRAP-pHluorin established as a reliable 
tool for selectively visualizing GSVs, we 
determined the association of candidate 
Rab proteins with IRAP-pHluorin fusing 
vesicles. Among 25 candidates, only Rab10 
and Rab14 were observed to be specifi-
cally associated with IRAP-pHluorin fus-
ing vesicles. Other Rab proteins, including 

Figure 1. Heterogeneity of GLUT4 vesicles in the TIRF zone. Endosomal GLUT4 vesicles associated 
by endocytic Rab proteins (Rab4A, Rab4B and Rab8A) are abundant in the TIRF zone. After insulin 
stimulation, GSVs labeled by Rab10 start to move into the TIRF zone and fuse at the PM. Because 
of their efficient fusion, each GSV only appears transiently in the TIRF zone, leading to GSVs mak-
ing up a very small fraction of GLUT4 vesicles in the TIRF zone during insulin stimulation.
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